Abstract. The tuned mass damper was applied to vibration control of transmission tower. The paper set up the finite element model of the tower using the beam element. Then, the simplified multi-particle model was presented. For vibration control of the first mode, an equivalent single degree of freedom model was further established. The paper designed a kind of suspended tuned mass damper using the simplified model. The transmission tower rig was built for vibration control test. The frequency response function of the system before and after the installation of the damping device was compared using the impacting test. Test results show that the suspended tuned mass damper has a vibration control ratio of 50.8%. The effect of vibration control is obvious.
Introduction
The high flexibility of large transmission towers makes them particularly sensitive to low frequency wind excitation, which can easily lead to tower collapse accidents. Vibration control technology of transmission tower has been a hot topic in the world [1] [2] [3] [4] [5] . Tuned mass dampers (TMD) have been widely applied in vibration control of large structures. Battista et al. proposed a nonlinear pendulum absorber [6] , which controls the first-order modal vibration of transmission towers. Li et al. have studied a lead rubber damper to control the vibration of transmission towers [7] . Through wind tunnel experiments, Deng et al. verified that hanging tank and viscoelastic damping pendulum could effectively reduce the wind vibration response of transmission tower. A combination of TMD and viscoelastic damper (VED) was presented [8] [9] . Yasui et al. used the beam and truss elements to set up transmission tower model. He calculated the wind-induced vibration response in time-domain [10] . The effect of vibration control by TMD depends on the accuracy of the system dynamic model. If the calculated frequency is slightly deviated, the effect of vibration control reduces greatly. It is necessary to establish an accurate system model.
In this paper, the finite element model of the transmission tower is set up and then simplified to a multiple particle model. The single-degree-of-freedom model is further put forward for vibration control of the first mode. The paper designed a kind of suspended tuned mass damper. The vibration control effect of the damper was evaluated on the specifically built transmission tower rig.
Finite Element Modelling of Transmission Tower
The finite element method was used to establish the dynamic model of transmission tower. The calculated results were compared with the experimental modal test results to verify the accuracy of the model. Figure 1 shows the picture and finite element model of the transmission tower. A, B, C, D points in the picture are the key points for calculation and test analysis. The beam188 element is used to model the transmission tower. The finite element model has 3142 nodes and 3254 elements. The six degrees of freedom at the bottom of the four legs of the tower are all constrained.
Experimental modal analysis with hammer test adopts the single point excitation and multi-point measurement method. Table 1 gives the calculated and measured modal frequencies. Figure 2 shows the first three order modes obtained from calculation and modal tests. The calculated and the measured first three order mode shapes are almost the same. The error between the calculated and the measured modal frequency is about 5.0 %. The accuracy of dynamic modelling meets the design requirements. 
Design of TMD for Transmission Tower Vibration Control Installation Position Selection
The wind induced vibration response of transmission towers is dominated by the first order mode.
The maximum deformation of the first vibration mode is at the top of the tower. The closer the TMD installation position is to the maximum deformation, the better the control effect. Therefore, TMD is designed to install on the top of transmission tower.
Multiple Particle Model of Transmission Tower
Based on the finite element model, a simplified multi-particle model can be established, as shown in Figure 3 . Mass concentration and stiffness equivalence methods were adopted. It can effectively reduce the number of degrees of freedom in structural analysis [11] .
The transmission tower is divided into N layers from the root to the top. The mass of the steel of each layer is concentrated on the corresponding nodes. The mass matrix M is formed after combination.
Appling the force to the node, the displacement of layer is calculated using the finite element model. The flexibility matrix is obtained. The stiffness matrix K is obtained by inversion of the flexibility matrix. 
The Simplified Single Degree of Freedom Model
Based on the modal analysis theory, the N-DOF system can be regarded as a set of N single-DOF systems without coupling. The multiple particle system shown in Fig. 3 can be viewed as a combination of several single-degree-of-freedom systems. The wind-induced response of transmission towers is dominated by the first order mode. We need to focus on the first order mode vibration only. 
The equivalent mass and equivalent stiffness e K corresponding to the first order mode can be obtained  is the first order modal frequency.
From (5), if the TMD suspension position is located at the top, the equivalent mass is minimum. If the TMD suspension position is located at the modal node, the equivalent mass tends to be infinity.
After obtaining the equivalent mass and equivalent stiffness of the first mode, the TMD parameter design method is as follows
where T T T ,, m are TMD mass, frequency and damping respectively,  the mass ratio. It is taken as 0.01~0.03 usually. In this range, the TMD control effect is directly proportional to the mass ratio. If the ratio is further increased, the control effect is not improved obviously.
Design of the Suspended TMD for Tower Vibration Control
A kind of suspended TMD is adopted in vibration control. As shown in Figure 4 , the mass block is suspended at the top of the tower with a rope, and the bottom is connected to the left and right sides with two springs. The stiffness of the two springs is equal. 
where , hlare the distance from the suspension position to the centre of mass block and the spring connection point respectively, k the spring stiffness. Table 2 gives the designed parameters of the suspended TMD under mass ratio of 0.03. 
Vibration Control Effect Analysis
The frequency response function at the top of transmission tower before and after installation of the suspended TMD was measured by hammering test. As shown in Figure 5 , the first order modal frequency of the transmission tower is 12.1 Hz and the peak value is 0.7562 g/N before the installation of TMD. After the installation of TMD, the original main peak in the frequency response function curve is decomposed into two small peaks, the frequencies are 9.75 Hz and 14.1 Hz, the amplitudes are 0.3722 g/N and 0.2849 g /N respectively. After the installation of the TMD, the amplitude of the peaks in the frequency response curve decrease by 50.8%. The amplitude of the peak at 12.1 Hz decreases greatly. The designed damping device achieves good vibration control effect.
Conclusion
The multiple particle model of transmission tower is obtained on the base of the finite element model of transmission tower. The equivalent single degree of freedom model for the first order mode vibration control is further obtained using the modal analysis theory.
Design method for a kind of suspended TMD is given. Test on the transmission tower rig show that the vibration control ratio of the suspended TMD reaches 50.8%. The vibration control effect is obvious.
